Abstract-The production of low cost sensors to monitor environment in some industrial sectors is a current need. In aviculture centers, for example, the concentration of ammonia gas is related to humidity, and it is necessary to control it to avoid contamination. With this need in mind, this paper presents the preparation and characterization of a low cost humidity sensor based on poly(3,4-ethylenedioxythiophene)-poly(styrene sulfonate) and polyaniline fully printed onto paper by a commercial HP printer. Using electrochemical impedance spectroscopy, an equivalent circuit containing resistive and capacitive parameters was proposed. The resistive parameter R1 is related to values of ambient humidity. The R1 values showed a sensitive response of 200% when relative humidity changes 80%, taking 10 min to reach saturation point. Moreover, the device showed good stability when humidity remained constant. These results indicate that the proposed device is suitable for applying as a humidity sensor that costs less than 1 Euro cent.
I. INTRODUCTION

M
ONITORING and controlling the environment is highly important in many industrial sectors, for example, food, paper and aviculture. In the food industry, there is a need to control temperature, humidity and light during storage and transport to guarantee quality and extend lifetime. During paper production, humidity control is necessary to ensure the product meets weight specifications. In aviculture centers, the concentration of ammonia gas is directly linked to humidity so controlling it is necessary to avoid contaminations of animals and workers [1] . The cost of this type of monitoring should be kept as low as possible in order not to affect the final price of the product. Against this background, interest in low-cost devices to monitor humidity, qualitatively or quantitatively, has increased recently [2] - [8] . The category of materials that serves this need are conductive polymers. They enable the production of circuits and electronic devices on a variety of Manuscript substrates at room temperature, with low cost production and good performance [2] , [9] - [11] . Polymers poly(3,4-ethylenedioxythiophene)-poly(styrene sulfonate) (PEDOT:PSS) [11] and polyaniline (PANI) [12] are widely used in organic devices because of their relatively low cost, solubility, and easy handling. PEDOT:PSS can be used as an active layer in various types of sensor [13] , [14] , but, due to its relatively high conductivity, it is most frequently used as the electrode in organic devices [16] - [19] . Besides, its conductivity can be enhanced by more than two orders of magnitude by adding certain organic solvent such as ethylene glycol [19] , [20] . Among other organic polymers used in humidity sensors, PANI has become the object of studies because the water absorption process is directly related to the formation of protons that dope the polymer increasing its conductivity [13] , [20] .
The use of PANI and PEDOT:PSS together have already been reported, for example, in the electrochromic device by Delongchamp and Hammond [22] , and in a transparent and flexible electrode tested in a pH sensor by Vacca et al. [23] . Another important point of Vacca et al work, is the deposition of PEDOT:PSS by inkjet printing, which is a low-cost deposition technique compatible with flexible substrates, like polyethylene terephthalate (PET), paper, and others. Paper stands out in production of low cost devices, being attractive for application as conventional substrate or active element in organic electronics [21] - [25] . It is mainly constituted of cellulose, and shows various advantages and interesting characteristics including low cost, abundance, flexibility, availability in different types, biodegradability, chemical and thermal stability, and strong adhesion to many materials [29] .
Herein, we present the electrical characterization of a low cost (see Fig. 1 .) humidity sensor composed of PANI as the sensing material and PEDOT:PSS as the electrodes, both printed onto paper by a commercial inkjet printer.
II. DETAILS OF EXPERIMENTS
A. Ink Jet Printer
A Hewlett-Packard®(HP) commercial inkjet printer, model J110a, was used to print polymeric inks of PANI and PEDOT:PSS onto bond paper (BP). The original cartridge was opened and the ink, sponge and internal filter were removed. In order to eliminate all commercial ink residues, a careful cleansing was performed using 2-propanol 1558-1748 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. alcohol ((CH3)2CHOH) and deionized water. Fig. 1 . shows a schematic of low cost system including a commercial printer picture and a pie chart showing percentage value of each material used in sensor fabrication. The printing system costs about e 50, and each sensor less than 1 euro cent.
B. Ink Formulation and Printing of PANI and PEDOT:PSS
Polyaniline, used as bought from Sigma Aldrich, was add to 1-Methyl-2-pyrrolidinone (10mg/ml) and stirred for 4 hours. The geometric patterns of active layer (PANI) and electrodes (PEDOT:PSS) were designed in Microsoft Word®software. The printing number (PN) of PANI in the same position was varied from 1 to 5 and this number was kept constant at 5 for the PEDOT:PSS electrodes. The maximum tonality provided by the printer system was used to print the active layer and electrodes. The samples were prepared by printing the polymeric inks onto commercial bond paper of 75 gm −2 density and without any previous treatment. The dimensions are shown in Fig. 2 .a.
C. Sample Doping Process
The samples containing Polyaniline need to pass through a doping process, because polyaniline in an emeraldine base form behaves like an insulating material. The samples were therefore exposed to HCl (1 M -Sigma-Aldrich) vapor for 40 minutes in a closed recipient. After this, the color of active layer changed from blue (emeraldine base) to green (emeraldine salt), indicating that the PANI had reached a conductive state. Before electric characterization, the samples were left exposed to air for at least 4 hours at room temperature, to evaporate the excess of HCl.
D. Electrical Characterization and Experimental Set-Up
Keithley source meter model 2420, was used for electrical measurements. An impedance analyzer Solartron 1260 with dielectric interface 1296 was used for electrochemical impedance spectra (EIS) measurements. A homemade system for humidity control was used to characterize the samples in different relative percentages of humidity. This system is composed of a chamber with a small amount of water inside kept in thermal contact with an external water flow in which the temperature is controlled. Different values of relative humidity can be obtained based on the temperature difference between the water inside the chamber and the region where the sample is located [30] . An Incotherm ® thermo-hygrometer was used to monitor the humidity at each measurement.
III. RESULTS AND DISCUSSIONS
A. The Device's Electrical Characterization
The Bode plot for changes in PN from 1 to 5 is showed in Fig. 2 .a. The measurements were realized in room conditions (RC), with a temperature of 24°C and 40% relative humidity. When PN increases, an improvement in film uniformity is observed and, naturally, its thickness increases. This can be shown by the reduction of Z' by half when PN increases.
Phase angle analyses were taken to investigate the resistive/ capacitive behavior of the devices, as seen in Fig. 2 .b. Through this measurement, it is possible to determine the frequency range where the device exhibits a resistive ( = 0) or capacitive ( = −90) behavior. A small increase in phase angle for frequencies lower than 1 Hz was observed. However, by increasing PN, phase angle reduces due to an increase in electrical conductivity. A predominantly resistive regime extending from approximately 5 Hz to 10 4 Hz was also observed. Therefore, at this frequency range, all the samples can be seen to be acting as a resistor, independent of printing number. Then, for a practical viewpoint, the values of impedance for each PN are acceptably close. Due to this fact, and trough empirical experimentation, PN = 3 was used for PANI in all measurements shown below. In other words, devices aiming humidity sensor applications were fabricated using PN = 3 for printing PANI films because: i) the resistivity with PN = 3 is not so high; ii) films produced with PN = 3 show a predominance of the resistive regime in a broad frequency range, similar to those with larger PN; and iii) fabrication route becomes simpler, since higher printing numbers do not produce any significant improvements.
B. Interaction With Humidity
Measures of EIS were taken to evaluate how each material interacts with humidity. The samples were exposed at low, medium and high relative humidity conditions with values of 90%, 45% and 16%, respectively. Fig. 3 shows real impedance versus frequency curves for the following samples: uncovered bond paper (Fig. 3.a) between PEDOT:PSS pads; PEDOT:PSS (Fig. 3.b) and PANI (Fig. 3 .c) films printed onto paper; and the device itself (Fig. 3.d) consisting of PANI and PEDOT:PSS. Proceeding as in the main device set-up, PANI films were printed three times at the same position, and PEDOT:PSS five times.
A reduction in real impedance was observed when the measurements are taken in high humidity for all devices configurations. In high relative humidity, the PANI film exhibits real impedance values two orders of magnitude lower than pure bond paper. With the presence of water, protonation occurs in nitrogen atoms. This effect results in the formation of stabilized polycations between π delocalization along the polymeric chain, enhancing electrical conductivity [28] . Among the four samples of Fig. 3 , PEDOT:PSS film printed onto paper (Fig. 3.b) showed the smaller impedance variation when RH changing from 16% to 90%, lower than one order of magnitude. The electrical behavior of sensors (Fig. 3.d) with humidity changes resembles the samples containing only PANI (Fig. 3c) . It can therefore be said that impedance value is directly related to water absorption in the PANI layer, and the printed PEDOT:PSS acts only like a conductive electrode.
Nyquist diagram obtained from different relative humidity values, ranging from 22 to 90%, is shown in Fig 4. a. The semicircles observed characterize two different polarization processes and can be represented by an equivalent circuit containing two RCs branches. Each semicircle predominates at different frequency ranges. Fig. 4 .b. shows a curve modelling for the Nyquist diagram relative to RH equal 35%, obtained from Zview®software.
At low frequencies (0.1Hz -10Hz), a resistor R2 and a constant phase element (CPE) represent the first semicircle. At higher frequencies (>10Hz), a second semicircle is represented by a resistor R1 and a capacitor C1. It is worth to emphasize that the equivalent circuit in low frequency region might change from one batch of samples to another. But in high frequency region the impedance behavior is always the same, allowing to model all curves showed in Fig. 4 .a. However, as the value of C1 is very low (∼0.8 pF), it is thought that its origin resides in the measure system. The right branch is described by resistance coupled with a constant phase element (CPE), giving by z = 1/Q( j ω) n . A CPE is related to a distribution of time constants, which occurs mainly in irregular and porous electrodes [31] . All parameters used to model the curve are show in Tab. 1. Fig. 5 shows the parameters obtained from Nyquist diagram (Fig. 4.a) modelling plotted against humidity variation. As seen in Fig. 5 .a and 5.b, parameters Q, n, C1 e R2, have a weak match within RH variations. The main parameter related to environmental humidity, showed in Fig. 5 .c., is the value of equivalent series resistance R1, which can be considered a series resistance because C1, a capacitance from the system, has to be disregarded. The water molecules are trapped by the substrate due to the hygroscopic property of paper [26] . In association with acid ions remaining from the doping process, a sort of electrolyte is formed causing a resistance drop when an electric field is applied. 
C. Sensitive Response and Response Time
EIS was used at a constant frequency (10 3 Hz) to measure sensor response and response time. The sensitive response was taken from the equation R S = [(Z 0 − Z 1 )/Z 1 x 100], where Z 0 is the impedance module before increasing humidity in the system, and Z 1 the impedance module at the instant of measurement. The response time was obtained when the relative humidity changed from 16% to 45% and from 45% to 90%.
The sensitive response during periods in which the humidity was kept constant at two different values (45% and 90%) is shown in Fig.6 . When the relative humidity increases from 16% to 45%, the device exhibits a sensitive response of 100%.
The impedance values experienced variations of nearly 100%, taking 9 minutes to achieve the saturation state. When humidity variation increases from 45% to 90%, the sensitive response is also 100%, taking 12 minutes to reach the saturation state.
Results shown in Fig. 6 were obtained by EIS measurements. However, as previously discussed, it is sufficient to determine the resistance R1. To find this parameter, voltage versus time (Vxt) can be measured keeping the electric current constant across the sample. With this alternative, the R1 value can be measured in a few tenths of a second. In this approach, the voltage is applied for a short time, avoiding the degradation of the device. The Vxt characterization for a sensor subjected to a constant current of 2μA is shown in Fig. 7 .a. The R1 value was then obtained from the initial voltage jump (t ∼ 3ms). This value, measured at the beginning of the Vxt curve, corresponds to those at high frequencies in the EIS. R1 values versus humidity obtained by this constant current technique are plotted in Fig. 7 .b. A linear variation in a logarithmic scale for R1 values can be observed as function of relative humidity.
Both techniques, EIS and Vxt, were employed to characterize the as-proposed humidity sensor. Therefore, constant current technique is compatible with the low cost proposal. With some operational amplifiers and an arduino®controller, it is possible to build a simple electrical system that applies a constant current and measure the correspondent voltage, that will cost less than a couple of tens euros. This fact matches with the low cost to produce the sample depicted in Fig. 1 .
IV. CONCLUSION
In this paper the production of a low cost humidity sensor based in PANI/PEDOT:PSS printed onto paper using a commercial printer has been presented. A reduction of several orders of magnitude in resistance values for PANI films printed onto paper was observed as the printing number (PN) increased. An equivalent circuit representing the device was proposed, containing the parameters R1, R2 and CPE. We show that the parameter R1 gives a better relation (linear log-log scale) within humidity variations. The device's sensitive response is 200% when there is a humidity change from 16% to 98% and it takes about 10 min to reach the saturation state. Constant current measurements show it to be a good alternative for obtaining variations of R1 with good accuracy, fast response and avoiding sensor degradation.
